Kinesin superfamily proteins (KIFs) are microtubule-dependent molecular motor proteins essential for the intracellular transport of organelles and protein complexes in cells. Kinesin 1 is a member of those KIFs that transport various cargoes, including organelles, synaptic vesicles, neurotransmitter receptors, cell signaling molecules, and mRNAs through interaction between its light chain subunit and the cargoes. Kinesin light chains (KLCs) are non-motor subunits that associate with the kinesin heavy chain (KHC) dimer. KLCs interact with many different binding proteins, but their particular binding proteins have not yet been fully identified. We used the yeast two-hybrid assay to identify proteins that interact with the tetratricopeptide repeat (TPR) domain of KLC1. We found an interaction between the TPR domain of KLC1 and Wiskott-Aldrich syndrome protein family member 1 (WAVE1), a member of the WASP/WAVE family involved in regulation of actin cytoskeleton. WAVE1 bound to the six TPR domain-containing regions of KLC1 and did not interact with KHCs (KIF5A, KIF5B, and KIF5C) in the yeast two-hybrid assay. The carboxyl (C)-terminal verprolin-cofilin-acidic (VCA) domain of WAVE1 is essential for interaction with KLC1. Also, other WAVE isoforms (WAVE2 and WAVE3) interacted with KLC1 in the yeast two-hybrid assay. When co-expressed in HEK-293T cells, WAVE1 co-localized with KLC1 and co-immunoprecipitated with KLC1 and KIF5B. These results suggest that kinesin 1 motor protein may transport WAVE complexes or WAVE-coated cargoes in cells.
Introduction
The intracellular transport is mediated by microtubule motor proteins. These motor proteins act in several processes in the brain, including neuronal function, development, and plasticity, by regulating the intracellular transport within the axons and dendrites [5, 15] . Kinesin superfamily proteins (KIFs) are microtubule-dependent motor proteins involved in the transport of various cargoes, including membrane vesicles, organelles, proteins complexes, and mRNAs [6] . Kinesin 1 is the first identified member of KIFs responsible for an ATP-dependent, anterograde fast axonal transport [7] . Kinesin 1 is a heterotetrameric protein of two heavy chains (KHCs, also called KIF5s) and two light chains (KLCs) [5, 7] . KHCs contain three domains: an amino (N)-terminal motor domain, a central coiled-coil domain, and a carboxyl (C)-terminal domain that regulates motor activity [5] . KLCs are non-motor proteins that associate with KHCs. KLCs consist of the N-terminal coiled-coil domain that binds to KHC, the central tetratricopeptide repeat (TPR) domains, and the C-terminal domain [4] . The TPR domains of KLCs are highly conserved across species and are known to be involved in protein-protein interactions [23] . The TPR domains have been suggested to be involved in cargo interaction [4, 8] .
The TPR domain is well known as a module playing a role as an organizing center for complexes regulating a number of biological processes [23] . It consists of 34 amino acids which assemble into a characteristic helix-turn-helix structure for each TPR repeat [2] . The first protein identified to bind to the TPR domain was the c-Jun NH2-terminal kinase (JNK)-interacting protein (JIP, also known as JSAP) group of scaffold proteins [14, 15] . The three JIP isoforms in mammals are scaffolds for the MAP kinase cascade that activates JNK [4] . Many different types of cargoes moved by kinesin 1 have been identified, including mitochondria, neurotransmitter receptor containing vesicle, virus particle, and mRNA granules [7, 8, 11] . In some cases, these cargoes bind to soluble adaptor proteins/scaffolding proteins that mediate the attachment to kinesin 1 [6, 8] .
Understanding how kinesin 1 becomes linked to particular cargo and how protein complex assemble on scaffolds at their final destination remain to be unsolved question.
In this study, we screened for proteins that interact specifically with the six TPR domains of KLC1 and found the interaction with the Wiskott-Aldrich syndrome protein family member 1 (WAVE1), the scaffolding protein that associates with numerous partner proteins, including Arp2/3 complex, phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2), G-actin, and WAVE-associated Rac GTPase-activating protein (WRP) [20] . The KLC1 and WAVE1 interaction suggests that WAVE1 complex may be transported by kinesin 1, or play a role as a scaffold for between kinesin 1 and WAVE-bound cargoes.
Materials and Methods

Plasmid constructs
The mouse KLC1 cDNA fragment corresponding to the six TPR domains (amino acids 80-541) was amplified using the appropriate primers [9, 10] 
Screening of KLC1-binding proteins by yeast twohybrid assay
The Matchmaker LexA two-hybrid system was used for screening according to the manufacturer's manual (Clontech). In brief, pLexA-6xTPR-KLC1 was transformed into yeast strain EGY48 carrying the p8op-lacZ gene. The transformed EGY48 yeast cells containing pLexA-6xTPR-KLC1 were transformed with the mouse brain cDNA library [9] and grown on synthetic dextrose (SD) plates supplemented with glucose but with no histidine, tryptophan, or uracil (SD/-His/-Trp/-Ura). The selection of positive clones was performed on an SD/-His/-Trp/-Ura/-Leu plate containing galactose, raffinose, X-gal, and BU salts. Plasmids from positive clones were analyzed by restriction digestion.
Unique inserts were sequenced and protein sequence analysis was performed with the BLAST algorithm at the National Center for Biotechnology Information (NCBI). Sequenceverified clones were tested again for interaction with the bait in yeast by the retransformation.
β-Galactosidase activity in liquid cultures of yeast
The β-galactosidase activity of yeast was assayed as described previously [10] . In brief, mid-log phase yeast cells were collected and permeabilized with 0. 
Results
Identification of KLC1-interacting proteins by yeast two-hybrid screening
To identify the binding proteins of KLC1, we screened a mouse brain cDNA library through the yeast two-hybrid assays using the six TPR domains-containing region (amino acids 80-541) as bait (Fig. 1B) . From 8 × 10 6 colonies screened, we obtained 2 positive clones. Both the positive clones turned out to possess WAVE1 cDNA fragments (Fig. 1A) . [18, 20] . To identify the domain of WAVE1 required for the interaction with KLC1, a series of deletion mutants of WAVE1 was constructed and analyzed their interactions with KLC1 using the yeast two-hybrid assay. Only the C-terminal VCA domain of WAVE1 interacted with KLC1 in the yeast two-hybrid assay (Fig. 1C) .
This experiment demonstrated that the minimal binding domain was located in the C-terminal VCA domain of WAVE1.
To clarify whether WAVE1 interacts with only KLC1 or with other kinesin 1 subunits, the C-terminal tails of KIF5A, KIF5B, and KIF5C were tested for binding with WAVE1. As shown in Fig. 2A , WAVE1 did not interact with the C-terminal tails of KIF5A, KIF5B, and KIF5C. Next, we investigated whether KLC1 interacts with the other two WAVEs, WAVE2
and WAVE3. As shown in Fig. 2B , KLC1 also interacted with WAVE2 and WAVE3 in yeast two-hybrid assay. The result is not surprising because the C-terminal VCA domains of WAVE1, WAVE2, and WAVE3 share extensive similarity in their amino acid sequences (80% identity between WAVE1 and WAVE2, 83% identity between WAVE1 and WAVE3) [18] . To quantify the binding affinity of KLC1 to WAVE1, the WAVE1 plasmid and the KLC1 or KIF5s expression plasmids were transformed to yeast and the β-galactosidase activity was measured in liquid cultures. The interaction of KLC1 with WAVE1 yielded approximately 392 units of β -galactosidase activity (Fig. 2C) .
WAVE1 is associated with kinesin 1 in cells
The KLC1-WAVE1 interaction was also assessed in mammalian cells. When the lysate of HEK-293T cells transiently expressing myc-KLC1 and FLAG-WAVE1 was immunoprecipitated with anti-FLAG antibody, KLC1 and KIF5B, but not KIF3A, a motor subunit of kinesin 2 were co-precipitated with WAVE1 (Fig. 3A) . These results indicate that WAVE1 associates with kinesin 1. In order to further confirm whether KLC1 and WAVE1 co-localize in cells, KLC1 was co-expressed with EGFP-WAVE1 in HEK-293T cells. KLC1 and WAVE1 co-localized at the same region in cells (Fig.   3B ). Taken together, these results indicate that WAVE1 interacts with kinesin 1 through the binding with KLC1 subunit.
Discussion
In this study, we show that KLC1 interacts with WAVE1, (BNIP-2), and protein interacting with APP tail 1 (PAT1) [1, 8, 10, 14, 21, 22] . In this study, we have identified that WAVE1 interacted with the TPR domain of KLC1.
WAVE1 was first identified as a mutated gene in the Wiskott-Aldrich syndrome, a recessive X-linked immunodeficiency disorder [18] . It plays a role as a module that permits the assembly of multi-protein complexes [20] . Previous proteomic and biochemical studies have shown that the EVH1 domain of WAVE1 binds a core unit of four proteins that regulate Rac signaling at sites of actin reorganization [13, 16] . The PRD domain of WAVE1 interacts with Src homology 3 (SH3) domain-containing proteins including Abelson tyrosine kinase (Abl) [20] . The principal function of the VCA domain of WAVE1 is to bind the Arp2/3 complex and initiate the rapid polymerization of actin filaments, which is necessary for cell motility and migration [13, 20] . In this study, we have shown that KLC1 also interacted with the VCA domain of WAVE1.
What would the interaction between KLC1 and WAVE1 mean? One possibility is that WAVE1 may be an adaptor protein that links kinesin 1 and membranous cargoes. The B domain of WAVE1 binds to PIP2 [12] . This binding is important for the membrane localization of WAVE1. WHAMM, the novel member of WAVE family localizes to the tubular structures out of the endoplasmic reticulum and assists with the movement of vesicles during anterograde transport [3] . Although we did not determine the specific character of WAVE1-coated kinesin 1 cargo, the available data suggest that WAVE1 play a role as an adaptor protein for membranous cargo transport by kinesin 1. Another possibility is that kinesin 1 transport the WAVE1-associated signaling protein complex that links upstream signals to the activation of Arp2/3 complex involved in actin polymerization.
WAVEs form a pentameric heterocomplex (referred to as the WAVE complex) with Abelson-interacting protein (ABI), non-catalytic tyrosine kinase (Nck)-associated protein 1 (NAP1), specifically Rac-associated protein 1 (SRA1), and haematopoietic stem/progenitor cell protein 300 (HSPC300) [20] . Extracellular stimuli resulting in the dissolution of WAVE complex lead to Arp2/3-mediated actin polymerization [17, 20] . Rapid actin polymerization is induced at the leading edge of the membrane protrusion, resulting in formation of filopodia and lamellipodia by CDC42 and Rac, respectively [16, 20] . Interestingly, WAVE2 importantly involved in the regulation of lamellipodia formation was transported to the leading edge by KIF5B along microtubules [19] . WAVE1 also binds WRP, which plays a role in the control the membrane protrusion [16] . A previous study had shown that a reduction in the amount of WRP interacting with WAVE1 affected the dendritic morphology of neurons and their synaptic transmission in the mutant mice [16] . Our findings provide new insight into the mechanism of kinesin 1-mediated transport, by the direct interaction between KLC1 and WAVE1, of WAVE complex playing a central role in membrane and actin dynamics. 
